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Abstract.  A three dimensional numerical model based on Discrete Element Method (DEM) and coupled with 
Computational Fluid Dynamics (CFD) was implemented to simulate sand production. Simulations with no fluid flow 
conditions and with fluid flow conditions have been performed and the sensitivity of the simulations to numerical 
damping is studied. 
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INTRODUCTION 
The distinct element method (DEM), as proposed 
originally by Cundall & Strack (1979), is a numerical 
method for granular materials that explicitly models 
the interaction of individual particles, and provides 
information about the particle motion, particle 
interaction and macroscopic material properties. 
In DEM simulations, a numerical damping is often 
applied. The aim of the damping is to account for 
energy dissipation in real situations that are not 
explicitly modelled via frictional contacts or bond 
breakages. The choice of damping model and damping 
value applied and their influence on the results should 
be investigated carefully for DEM simulations. The 
effect of damping in sand production simulations is
examined and presented in this paper. 
SAND PRODUCTION 
Sand production is the erosion of formation sand 
due to the flow of reservoir fluid through the soil 
material during the oil recovery from oil reservoirs. 
The sandstone is left unsupported next to the hole 
perforated during the oil recovery; these are the 
locations where the sand grains can be dislodged and 
enter the oil recovery system where they can cause 
problems. 
Sand production is a coupled hydro-mechanical 
process that involves two mechanisms: mechanical 
instabilities lead to localized plastification and failure 
of the rock around the cavity and the subsequent 
transportation of sand particles due to the fluid drag.  
A variety of DEM models of the problem have 
been proposed with different focus and features (e.g. 
Dorfmann et al. 1997; Quadros et al. 2010; Boutt et al. 
2011). Cheung (2010) performed three-dimensional 
simulations coupling DEM with fluid flow to model 
sand production. 
NUMERICAL METHOD: DEM-CFD 
DEM Method 
DEM was proposed originally by Cundall & Strack 
(1979). DEM simulates the interaction between 
discrete particles and it is widely used to examine 
engineering problems at the microscale. 
In this study, the three-dimensional DEM code, 
PFC3D (Particle-Flow Code 3D), developed by Itasca 
Consulting Group, Inc., is used. This code is a 
simplified version of the general DEM, because of the 
restriction to spherical particles. Walls can be also 
defined to apply boundary conditions such as velocity 
or stresses. The particle motion is described by 
Newton’s second law and contact forces are used to 
model the interaction between particles and between 
particles and walls. 
The linear contact model and the Parallel-bond 
model have been used. In the linear contact model, the 
load displacement relationship between two contacting 
bodies is represented by linear springs. The three input Powders and Grains 2013AIP Conf. Proc. 1542, 1170-1173 (2013); doi: 10.1063/1.4812145©   2013 AIP Publishing LLC 978-0-7354-1166-1/$30.001170
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parameters are the particle normal and shear 
stiffnesses and the inter-particle friction coefficient. 
The Parallel-bond model acts as sets of springs with 
constant normal and shear stiffnesses that work in 
parallel with the conventional contact springs. The 
parallel-bonds can numerically represent a finite 
amount of cementing material deposited between 
particles. Both forces and moments can be transferred 
between the bonded particles and the bond restricts the 
particles from rotating. The parameters required to 
define a parallel-bond are: the parallel-bond normal 
and shear stiffnesses, the parallel-bond normal and 
shear strengths, and the degree of bonding. 
A numerical local damping is also applied.. The 
local damping used in PFC3D is similar to that 
described in Cundall (1987). The following damping-
force  is added to the equations of motion  
sign(v)FF d −=  (1) 
where v is the particle velocity. sign(v) is +1 when 
v>0, -1 when v<0, and 0 when v=0. The damping force 
is controlled by the damping constant . A commonly 
employed value to achieve quasi-static conditions is 
0.7. 
CFD-DEM Coupling 
To simulate the interaction between particles and 
fluid two codes are coupled, one for the solid phase 
(DEM) and another one for the fluid phase (CFD). A 
Computational Fluid Dynamics (CFD) code describes 
fluid dynamics using a continuum approach. The 
governing equations are versions of the conservation 
laws of classical physics: conservation of momentum, 
which becomes the Navier-Stokes equation for a 
Newtonian fluid, and conservation of mass. 
To perform DEM-CFD coupling in this study, the 
coupled CFD (CCFD) add-on for PFC3D is used. The 
CCFD code is a product of ITOCHU Techno-Solution 
Corporation (CTC) of Tokyo, Japan. 
A new term in DEM is added due to the presence 
of the fluid. The force added has three terms: drag, 
pressure gradient and buoyancy expressed as: 
( )gFf fdfluid pr ρπ −∇+= 33
4
 (2) 
where fluidf  is the force applied by the fluid, Fd is the 
drag force, r is the radius of the particle, p is the fluid 
pressure, g is the gravity and fρ  is the fluid density. 
The drag force is due to the relative particle- fluid 
velocity. There are different empirical equations for 
the drag force. The CCFD add-on uses an empirical 
proposal by Wen and Yu (2001): 
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where Cd is the drag coefficient, u is the fluid velocity, 
v is the particle velocity, n is the porosity and χ  is a 
correction factor. The drag coefficient is given by an 
empirical expression proposed by Dallavalle (1948):
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where Rep is the particle Reynolds number 
(equation 5). The empirical coefficient for the porosity 
correction was proposed by Di Felice (1994) as:  
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These expressions are dependent on the particle 
Reynolds number (Di Felice, 1994). 
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where fμ  is the fluid dynamic viscosity. 
On the other hand, the fluid flow is also affected by 
the particles. A body force due to particle drag is 
added in the Navier-Stokes equation and the porosity 
is also included in the relevant terms of the 
equilibrium and continuity equations (equations 7 and 
8). 
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where fb is the body force and n is the porosity in each 
cell. The volume body force at the cell level is the cell 
volume average of the drag forces due to particles 
inside the cell. 1171
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THE MODEL: SANDSTONE AROUND 
A WELLBORE 
A horizontal slice of homogeneous ideal sandstone 
near the wellbore with a height h of 5 mm is 
represented in a cylindrical shape domain with an 
outer radius Ro of 50 mm and an inner hole with radius 
Ri of 5 mm. The model geometry is shown in figure 1. 
FIGURE 1.  Model geometry. 
Fluid flows through the sandstone from the outer 
boundary to the inner hole. The fluid used for the 
simulation was water, with a density of 1000 kg/m3
and a viscosity of 10-3 Pa•s. On the outer surface the 
radial fluid velocity was prescribed and the fluid 
pressure on the inner surface was set to 0. 
The DEM sample had been previously calibrated 
(Cheung, 2010) to match macroscopic sandstone 
behavior. Two cylindrical walls and two horizontal 
walls were generated. 46035 spheres with radii evenly 
distributed between 0.4 mm and 0.6 mm were 
randomly generated. The porosity was 0.4. Parallel 
bonds were installed in a prescribed fraction of the 
contacts ( λ ). The DEM parameters are presented in 
Table 1. The vertical and radial stresses on the 
specimen were 300 MPa. After sample generation the 
wall friction coefficient of the two horizontal platens 
was set to 0.1 and the inner cylindrical wall was 
removed. 
 TABLE 1. DEM parameters of the model
DEM parameters  
Normal stiffness ( NK , kN/m) 105 
Shear stiffness ( SK , kN/m) 105 
Friction ( μ ) 0.25 
RDEM particle (mm) 0.4-0.6 
Particles density ( sρ , kg/m3) 2650 
Parallel-bond normal stiffness ( NpbK , kPa/m) 1012 
Parallel-bond shear stiffness ( SpbK , kPa/m) 1012
Parallel-bond normal strength ( NpbS , kPa) 4.4x106 
Parallel-bond shear strength ( SpbS , kPa) 4.4x106 
Degree of bonding ( bondα ) 0.25 
Fraction of contacts bonded ( λ ) 1.0 
SENSITIVITY TO DAMPING 
A series of simulations with different damping 
values were performed (Table 2). The geometry is 
divided into 15 annular rings and the continuum stress 
is calculated as an average of particle stress in each 
ring. All the simulations are run until the average 
stress for each ring becomes constant in time. 
TABLE 2. List of simulations
Simulation 
name 
Fluid flow ui (m/s) damping (δ )
Noflow0 No - 0.0 
Noflow3 No - 0.3
Noflow5 No - 0.5 
Noflow9 No - 0.9 
Fluid1-0 Yes 0.35 0.0 
Fluid1-3 Yes 0.35 0.3
Fluid1-9 Yes 0.35 0.9 
Results with no fluid flow simulations 
The normalised averaged circumferential stresses 
are presented in Figure 2. The stresses are normalized 
by the stress on the outer boundary. The peak for the 
circumferential stress indicates the limit between the 
created plastic zone and the elastic zone, as presented 
by Risnes et al. (1982). The plastic region increases 
and the circumferential stress value in the peak 
decreases when the damping decreases. When the 
damping is set to 0, the steady state is never reached 
and the stresses decrease to zero. 
Contact forces between particles are also 
represented in Figure 3. It can be observed that around 
the wellbore contacts break and that the effect of 
damping is to reduce the number of broken contacts.
FIGURE 2.  Normalized circumferential stresses at the end 
of the simulations with no fluid flow for different damping 
values. 1172
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            (a)    (b) 
            (c)    (d) 
FIGURE 3.  xy plane at the medium height (2.5 mm). 
Contact forces for no fluid flow simulations with different 
damping values: (a) 0, (b) 0.3, (c) 0.5, and (d) 0.9. The outer 
radius represented is 20 mm. 
Results for fluid flow simulations 
Figures 4 and 5 show the stresses and the contact 
forces with different damping values when the fluid 
velocity at the inner boundary is set to 0.35 m/s. 
Damping has much less effect than in the dry case. A 
likely cause is that motion of broken particles towards 
the hole is already dampened by the fluid. 
FIGURE 4.  Normalized circumferential stresses at the end 
with ui = 0.35 m/s for different damping values. 
            (a)    (b) 
(c) 
FIGURE 5.  xy plane. Medium height (2.5 mm). Contact 
forces for ui = 0.35 m/s with different damping values: (a) 0, 
(b) 0.3, (c) 0.9. The outer radius represented is 20 mm. 
CONCLUSIONS 
Simulations with different damping values in a 
DEM sandstone model without and with fluid flow 
were performed. The results indicate that the damping 
has an important effect in the results, especially when 
no fluid flow is applied. When a fluid flow is applied, 
damping has much less effect; a likely cause is that 
particles are already damped by the fluid. Damping 
decreases the number of broken contacts around the 
wellbore and decreases the plastic region. Damping 
increases the circumferential stress value in the 
boundary between the plastic region and the elastic 
region. 
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